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SUMMARY
The preservation of mould-ripened salami was investigated during 48 days at 19-20 °C 
under different packaging conditions: (i) high barrier film filled with air, 100 % N2 or un-
der vacuum, (ii) biaxially oriented polypropylene film, (iii) microperforated polyethylene 
film and (iv) unpackaged. Sensory, texture profile, physicochemical and microbiological 
analyses were performed. Fungal quantification revealed two data groups. In group 1 
(consisting of salami in microperforated polyethylene film, biaxially oriented polypropyl-
ene film and unpackaged) the conidium viability was relatively constant. In group 2 (sala-
mi preserved in high barrier film filled with air, 100 % N2 or under vacuum) the conidium 
viability decreased due to the absence of oxygen and the high carbon dioxide volume 
fraction. SEM micrographs showed micromorphological changes in fungal structure; mi-
croperforated polyethylene film, biaxially oriented polypropylene film and unpackaged 
conditions preserved the conidial morphology, while high barrier film filled with air, 100 % 
N2 or vacuum conditions collapsed the hyphae and most of the conidia. Salami packed 
in microperforated polyethylene film and biaxially oriented polypropylene film showed 
the most acceptable organoleptic characteristics and lower hardness and chewiness val-
ues after packaging.
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INTRODUCTION
Artisanal dry fermented sausages are defined as a mix of ground meat, fatty tissues 
and additives such as salt, curing agents, sugar and spices stuffed into casings and sub-
jected to fermentation and ripening processes.
Commercial mould starters are used by some industrial manufacturers to build up the typ-
ical flavour, achieve external desirable appearance and prevent the development of superfi-
cial spoilage microorganisms. These starters are mainly composed of Penicillium nalgiovense 
biotype 6 (1). On the other hand, products from manufacturers who do not use fungal starter 
cultures present greater biodiversity in the fungal species composing its mycobiota. This bio-
diversity depends on product type, production technology (artisanal/industrial) and the sea-
son of the year when the products are made (2-10). Traditionally, the final ripening time of dry 
fermented sausages depends on a compromise based on several factors, among which hard-
ness, acidity, aroma profile and safety have major roles. These products are usually sold at room 
temperature in two different ways, without packaging or packaged. The first one is tradition-
al, but the water loss and oxidative degradation are higher. The use of modified atmosphere 
packaging (MAP), commonly 100 % nitrogen or a mixture of 70 % nitrogen and 30 % carbon 
dioxide, is a valid response to this inconvenience. In fact, under these conditions further de-
creases in mass due to water loss are avoided, thus offering an alternative to increase the shelf 
life of peeled and sliced sausages (11-13). Vacuum packaging is effective in removing oxygen, 
which is the main cause of food oxidation. This modality of storage is also useful to avoid fur-
ther water loss of the ripened sausages (14-16). However, these types of packaging cannot be 
applied when the mycobiota on the surface is desirable, because the exposure to low oxygen 
atmosphere leads to death and degradation of the surface mycelium layer. 
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A wide variety of dry fermented sausages are usually rip-
ened and marketed with moulds. In this way, for example, in 
the protected geographical indication of sausages produced 
in Colonia Caroya (Córdoba, Argentina), the superficial fun-
gal mycelium constitutes a typical characteristic of the prod-
uct (10,17).
Although there are currently markets where sausages 
covered with fungal surface are commercialized, the refer-
ences describing these technologies are very scarce. The gen-
eration of a scientific basis to support the use of a packaging 
system able to adequately conserve the outer layer of myce-
lium on the surface of mould-ripened sausages could be of 
great interest to the meat industry in different parts of the 
world. Thus, the aim of this study is to evaluate the effects of 
different packaging systems on the physicochemical, micro-
biological and sensory properties of mould-ripened salami 
during storage.
MATERIALS AND METHODS
Preparation of the dry fermented sausages
Dry fermented sausages were manufactured in the pilot 
plant of the National Institute of Industrial Technology (INTI 
Carnes), Buenos Aires, Argentina. The initial sausage mixture 
included (in % by mass): lean cow meat 76, pork fat 19.5 (ob-
tained from a local meat market), sodium chloride 2.6, dex-
trose 0.35, sucrose 0.35 (all from Arysa, Buenos Aires, Argen-
tina), mix of phosphates REXFOS H (Amerex, Buenos Aires, 
Argentina) 0.29, ground white pepper 0.29, ground corian-
der 0.19, garlic powder 0.10, ground nutmeg 0.10, sodium 
erythorbate 0.10, sodium nitrate 0.04 and sodium nitrite 0.02 
(all spices and preservatives were obtained from Arysa). Com-
mercial starter culture SAGA AF2 (0.008 % by mass; Amerex), 
containing Micrococcus varians, Staphylococcus carnosus, Pedi-
ococcus pentosaceus and Lactobacillus sakei was added at a fi-
nal count of 7 log CFU/g. This mixture was stuffed into fibrous 
cellulose casing (40 mm diameter; Aditrip, Buenos Aires, Ar-
gentina) to obtain sausages of approx. 270-300 g each.
A commercial starter culture of Penicillium nalgiovense 
(Fungal culture collection of National University of Quilmes, 
Buenos Aires, Argentina) was inoculated after the stuffing by 
dipping sausages into a spore suspension at a final count of 
6 log CFU/mL.
The conditions of the ripening process were: 24 h at 20 °C 
without controlled relative humidity (RH), 36 h at 23 °C and 
90-95 % RH, 24 h at 23 °C and 80 % RH, 12 h at 21 °C and 75 % 
RH. Finally, samples were stored at 16-18 °C and 70-75 % RH 
until 35-38 % mass loss was reached (15 days).
Packaging systems
At the end of the ripening process the sausages were 
packaged in thermoformed trays (AIQ S.A., San Martín, Bue-
nos Aires, Argentina) under different packaging systems: (i) 
biaxially oriented polypropylene film (Argenflex, Buenos 
Aires, Argentina), 40 µm thickness, used for packaging with 
air, (ii) microperforated polyethylene, 90 µm thickness and 
average pore size 450 µm (approx. 1 pore/cm2; Argenflex) 
used for packaging with air, and (iii) Vac Ton film (Chemton 
S.A., Buenos Aires, Argentina) high barrier material, consisting 
of seven layers: polypropylene/tie/polyamide/ethylene vinyl 
alcohol (EVOH)/polyamide/tie/linear low-density polyethyl-
ene (LLDPE) with 100 µm thickness. This film was used to ob-
tain packaged product in air, 100 % N2 and vacuum.
Twenty-five sausages were used for each packaging test-
ing. Additionally, the same number of sausages was left un-
packaged and used as control. All sausages (packaged under 
the different conditions and unpackaged ones) were stored 
at room temperature (19-20 °C) and analysed on days 0, 12, 
24, 36 and 48 as described below. 
Headspace gas analysis
Oxygen and carbon dioxide percentages were meas-
ured in duplicate (two different sausages) for each packaging 
condition (except for vacuum-packed) and evaluation time 
(4 packaging types×5 sampling times), using a gas analyser 
(PBI Dansensor Combi Check 9800-1; Dansensor Inc., Ringst-
ed, Denmark).
Mass loss, pH and water activity determinations 
Mass loss (%), pH and water activity (aw) parameters for 
each packaging condition were measured in duplicate at each 
evaluation time. The pH was measured in the inner core of the 
sausage with a glass puncture electrode using a pH meter 
(PH-206; Lutron Electronic Enterprise Co., Ltd., Taipei, Taiwan), 
calibrated with standard buffer solutions (Research AG, Pro-
ductos Anedra, Tigre, Buenos Aires, Argentina) at pH=4.0 (po-
tassium hydrogen phthalate standard, pH=4.01±0.02 at 25 °C) 
and pH=7.0 (phosphate standard buffer, pH=7.00±0.02 at 25 
°C). Additionally, pH was determined on the surface (casing) 
of the sausage after 48 days of storage in microperforated 
polyethylene, biaxially oriented polypropylene films and of 
unpackaged samples.
The aw was measured by using LabSwift-aw portable me-
ter (Novasina, Lachen, Switzerland). The measurement was 
carried out at 25 °C and Novasina humidity standards (aque-
ous saturated solutions of salts: LiCl RH=11 %, NaBr RH=58 %, 
KCl RH=84 %) were used for calibration.
Microbiological analysis
Moulds, lactic acid bacteria (LAB) and coagulase-nega-
tive catalase-positive cocci (CNCPC) from the surface of the 
sausages were counted (in duplicate) in each packaging sys-
tem at each evaluation time. Briefly, the casing was aseptical-
ly removed from the sausages by using a sterile scalpel and 
tweezers, and then transferred into sterile bags containing 
200 mL of peptone water (0.1 % m/V; Laboratorios Britania 
SA, Buenos Aires, Argentina). Samples were homogenized in 
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a stomacher (model HPS; Numak, Buenos Aires, Argentina) for 
1 min and serially diluted. A 0.1-mL suspension dilution was 
then plated and incubated onto the following media: malt 
extract agar (MEA; Sigma-Aldrich, Merck, St. Louis, MO, USA) 
at 25 °C for 7 days, de Man, Rogosa and Sharpe (MRS; Oxoid, 
Basingstoke, UK) agar at 30 °C for 48 h under anaerobic con-
ditions, and mannitol salt agar (MSA; Laboratorios Britania SA) 
at 30 °C for 48 h. To prevent fungal growth, natamycin (Biotec 
SA, Buenos Aires, Argentina) was added (200 mg/L) to MRS 
and MSA media. Moulds, LAB and CNCPC were counted on 
MEA, MRS and MSA media respectively and the results were 
expressed as colony forming units (CFU) per cm2, taking into 
account the area of each analysed casing.
Fungal colonies with visibly different morphological ap-
pearance were isolated from MEA. Purified fungal isolates 
were identified to species level using conventional morpho-
logical taxonomic keys for foodborne moulds (18). Briefly, the 
isolates were grown for 7 days on MEA, Czapek yeast extract 
agar (CYA; HiMedia Laboratories, Mumbai, India) and 25 % 
glycerol nitrate (G25N; HiMedia Laboratories) agar at 25 °C, 
and on CYA at 5 and 37 °C. Petri dishes of MEA and CYA (for 
incubation at 25 °C) were inoculated with the mould at three 
points, equidistant from the centre and the edge of the Petri 
dish and from each other. G25N agar and CYA (for incubation 
at 5 and 37 °C) were inoculated at two points of the Petri dish. 
After 7 days of incubation the following macroscopic exami-
nations of the colonies were carried out: diameter (mm), ap-
pearance (type and location of sporing structures, extent of 
sporulation), colour, exudate and soluble pigment produc-
tion. Likewise, the following micromorphological character-
istics were observed: shape, colour, texture and size of every 
structure of the fungus (conidia, spores, hyphae, mycelium, 
fruiting structures, etc.). In Penicillium isolates we observed 
surface texture of hyphae, length and surface texture of co-
nidiophores, rami, metulae and phialides, number of branch-
es (monoverticillate, biverticillate, terverticillate or quaterver-
ticillate) and presence/absence of coremia and synnemata.
Gram stains were performed on different bacterial iso-
lates obtained from MRS and MSA, using routine microbio-
logical techniques. Briefly, the four basic steps of the Gram 
stain were: (i) staining with Gram crystal violet for 1 min, (ii) 
Gram iodine for 1 min, (iii) Gram decolourizer (95 % ethyl al-
cohol) for 10-30 s, (iv) Gram safranin for 30 s (all reagents were 
obtained from Laboratorios Britania SA). Between each step 
the slide with the bacterial sample was washed with water 
and dried in air.
Subsequent microbiological analysis was performed with 
the peeled sausages from each packaging according to Ar-
gentine food code (19). The assays included the detection and 
quantification of sulphite-reducing clostridia, incubated on 
sulphite agar medium (HiMedia Laboratories) at 37 °C for 72 h, 
according to ISO 15213:2003 (20), coagulase-positive Staphy-
lococcus aureus (incubated on Baird Parker agar at 37 °C for 48 
h) and Escherichia coli using the most probable number meth-
od (21) with the following culture media: lauryl tryptose broth 
(incubated at 37 °C for 48 h), brilliant green lactose bile broth 
(incubated at 37 °C for 48 h), Escherichia coli (EC) broth (incu-
bated at 44.5 °C for 48 h) and Levine eosin-methylene blue 
agar (incubated at 37 °C for 48 h) (all media were obtained 
from Laboratorios Britania SA). Additionally, the presence of 
E. coli O157:H7 in 65 g of sausages, Listeria monocytogenes in 
25 g of sausages and Salmonella spp. in 25 g of sausages was 
investigated using lateral flow test kits (Dupont, Wilmington, 
NC, USA).
Scanning electron microscopy
An exploratory analysis to observe the micromorpholog-
ical characteristics of the fungal structures on the sausage 
surface after packaging was carried out by scanning elec-
tron microscopy. Analyses were performed at high resolu-
tion (2000-6000×) using a microscope, model EVO® 40 XVP 
(Leo Electron Microscopy Ltd, Carl Zeiss, Cambridge, UK), op-
erating at 5 kV. Samples were fixed by soaking small pieces 
of casings in a solution containing 50 % ethanol, 35 % dis-
tilled water, 10 % formalin and 5 % glacial acetic acid (Sig-
ma-Aldrich, Merck). Subsequently, the samples were treated 
by gradually increasing volume fractions of ethanol solution 
(50, 75 and 100 %) at 15-min intervals. Then, dehydration was 
started with acetone (Sigma-Aldrich, Merck) 50 % for 15 min 
and 100 % for 30 min, followed by critical point drying (E3000; 
Polaron Instruments, Hatfield, PA, USA) using CO2. The sam-
ples were mounted on stubs. To prevent charge build-up, the 
samples were coated with a thin layer of gold (300 Å) using a 
Pelco® 91000 sputter coater model 3 (Ted Pella Inc., Redding, 
CA, USA), which was later evaporated using an argon plasma 
metal evaporator.
Sensory analysis
Sensory analysis was performed to evaluate the prod-
ucts according to the ISO 13299:2016 (22) on days 0, 12 and 
24 of storage. The analysis was not performed after 36 and 
48 days of packaging due to an excessive hardness and un-
desirable organoleptic characteristics of sausages packed in 
microperforated polyethylene and biaxially oriented poly-
propylene films. Six panellists (three males and three fe-
males aged between 25 and 56) were trained according to 
the ISO 8586-2012 (23). Sensory analysis at each time was 
made by the same panellists in two sessions. References for 
each attribute were selected and used to train them. The 
evaluated attributes were: external parameters (surface my-
cobiota, exudates, rugosity, adhesion to casing, consistency, 
mouldy odour and odd odour), internal appearance (ease 
of skin peeling, presence of crust, lean colour and fat col-
our), texture (cohesiveness, hardness, initial juiciness, fatty 
sensation and chewiness), odour, and salty, acid, off-flavour 
and after-taste.
Slices (5 mm thick) or whole dry fermented sausages were 
analysed to assay these attributes. Samples were randomly 
three-digit coded and presented one at a time in duplicate. A 
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seven-point structured scale was used, varying from 1=weak 
to 7=strong. Panellists rinsed their mouth with water, apple 
or crackers between samples. Assessments were carried out 
in a quiet area free from distractions, with controlled lighting, 
partitions between subjects to minimize visual contact, neu-
tral colours of the walls and odour-free surfaces.
Relationships among variables were analysed using a 
principal component analysis. A biplot graph was made 
showing factors and variables on the same graph, allowing 
for interpretations of the joint relations between observa-
tions and variables. The coefficient of each original variable 
standardized for each principal component was analysed in 
order to identify those with greater contribution to variability.
Total volatile basic nitrogen
The total volatile basic nitrogen (TVB-N) was evaluated in 
duplicate in those treatments that showed ammonia-like aro-
mas (sausages packed in microperforated polyethylene and 
biaxially oriented polypropylene films) after 48 days of stor-
age. Additionally, the unpackaged sausages were also evalu-
ated. The surface of the sausage (casing) and the peeled sau-
sages (inner core) were analysed by Pearson and Cox method 
(24), briefly, the TVB-N was released by boiling the sample di-
rectly with magnesium oxide (Sigma-Aldrich, Merck), which 
also prevents volatile acids from distilling over into the boric 
acid. The distillate was titrated with 0.1 M hydrochloric acid 
(Sigma-Aldrich, Merck). The average results of three replicates 
from each packaging were expressed in mg of nitrogen per 
100 g of sample. 
Texture profile analysis
Texture profile analysis was performed using a TMS-Pro 
texture analyser (Food Technology Corporation, Slinfold, UK). 
Nine slices (10 mm thick and 30 mm diameter) of two sausages 
from each packaging were analysed up to 36 days of storage. 
A double compression cycle test was performed up to 50 % 
compression of the original portion height with a 100-mm al-
uminium cylinder probe, a 500-N load cell and 300 mm/min 
cross-head speed. The sample temperature was 10-15 °C. 
The following parameters were quantified: hardness (N), i.e. 
maximum force required to compress the sample, elasticity 
(mm), i.e. the ability of the sample to recover its original shape 
after deforming force was removed, and chewiness (mJ), i.e. 
the energy needed to chew a solid food until it is ready for 
swallowing.
Statistical analysis
The analysis of variance (ANOVA) was carried out using the 
InfoStat software v. 2017 (25). Mean values were compared us-
ing the Tukey’s test to determine their statistical significance. 
Any probability less than or equal to 0.05 was considered sig-
nificant.
RESULTS AND DISCUSSION
Microbial counts and scanning electron micrographs
Penicillium nalgiovense was competitive against native my-
cobiota achieving a homogeneous white fungal surface on the 
products prior to packaging. Quantification of filamentous 
fungi on the sausage surface revealed two data groups (Fig. 
1a). In group 1 (consisting of salami packed in microperforated 
polyethylene and biaxially oriented polypropylene films and 
unpackaged ones), fungal population (CFU/cm2) was relative-
ly stable over time (approx. 7 log CFU/cm2). In group 2 (salami 
packed in high barrier film filled with air, 100 % N2 or under 
vacuum), a reduction in the fungal population counts was ob-
served during storage. After 48 days of storage, fungal count in 
sausages packaged in high barrier film with air was 6 log CFU/
cm2 lower than the initial count (0 packaging days), while this 
reduction was by 4 log CFU/cm2 in sausages packed under vac-
uum and by 3 log CFU/cm2 in samples packed in N2.
0 10 20 30 40 50






























































Fig. 1. Average values of: a) fungal count and b) coagulase-negative 
catalase-positive cocci (CNCPC) count on sausages in different pack-
aging systems. Maximum standard deviation: 5 %. UP=unpackaged 
samples, MP=microperforated film, BOPP=biaxially oriented poly-
propylene film, HB-Air=high barrier film with air, HB-V=high barrier 
film with vacuum, HB-N2=high barrier film with 100 % nitrogen
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With respect to the evaluation of the coagulase-negative 
catalase-positive cocci (CNCPC), a similar pattern was observed 
(Fig. 1b). In group 1, counts did not change during the stor-
age period (approx. 7 log CFU/cm2). In contrast, in group 2, the 
counts in sausages packed in high barrier film filled with air, 
100 % N2 or under vacuum after 48 days of storage were re-
spectively 2, 3 and 5 log CFU/cm2 lower than the counts at the 
initial time (0 packaging days).
For LAB counts, a reduction of 2 log CFU/cm2 was observed 
in samples packed in high barrier film with air, N2 or under vac-
uum and in microperforated polyethylene film after 48 days of 
storage (Fig. 2). In biaxially oriented polypropylene film and 
under unpackaged conditions, LAB counts did not change be-
tween the initial time and 48 days (7 log CFU/cm2). It is note-
worthy that none of the packaging conditions tested achieved 
greater CNCPC and LAB counts than the unpackaged sausages.
With respect to the fungal biota, the counts were con-
gruent with the external appearance of the sausages. SEM 
micrographs at the initial time (0 packaging days) show the 
typical micromorphology characteristics of Penicillium nalgio-
vense, i.e. tubular shapes with smooth surface, terverticillate 
penicillin and subspheroidal conidia of 2.5 µm in diameter. 
Likewise, these penicilli were surrounded by cocci of about 
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Fig. 2. Dry fermented sausages under different packaging conditions 
during 36 days. UP=unpackaged samples, BOPP=biaxially oriented 
polypropylene film, HB-N2=high barrier film with 100 % nitrogen, 
HB-V=high barrier film with vacuum, MP=microperforated film, HB- 
-Air=high barrier film with air
Fig. 3. Scanning electron micrographs (SEM) of dry sausage surface 
under different packaging conditions (0 and 24 days). UP=unpack-
aged samples, BOPP=biaxially oriented polypropylene film, MP=mi-
croperforated film, HB-N2=high barrier film with 100 % nitrogen, HB-
Air=high barrier film with air 
After 24 days of storage, samples from all packaging sys-
tems showed morphological changes of the fungal structure. 
In microperforated polyethylene film, biaxially oriented poly-
propylene film and unpackaged conditions, crinkled hyphae 
were observed, while conidia retained their morphology (Fig. 
3). In spite of these micromorphological alterations, the CFU/
cm2 count remained broadly unchanged with time (Fig. 1, 
group 1), probably because the viability of the conidia re-
mained unaltered. On the other hand, the micromorpholog-
ical alterations of the fungal surface of sausages packaged in 
high barrier film filled with air or N2 (Fig. 3) were associated 
with the CFU/cm2 count reduction (Fig. 1, group 2). Proba-
bly, the oxygen absence and the high carbon dioxide volume 
fraction (Table 1) caused a viability decrease (low count of 
CFU/cm2). In both packaging systems (high barrier film filled 
with air or N2), SEM micrographs showed a high disintegration 
of the fungal hyphae; however, in sausages packaged in high 
barrier film filled with N2 some conidia remained morpholog-
ically unaffected (Fig. 3). Regarding the sausages packaged 
under vacuum, the disintegration of the mycelium was great-
er than in the case of sausages preserved in high barrier film 
with air (data not shown).
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Microbiological criteria required by the Argentine food 
code (19) were fulfilled during the entire packaging period, 
namely: count of sulphite-reducing bacteria <100 CFU/g, co-
agulase-positive staphylococci <100 CFU/g and E. coli <3 MP-
N/g. The absence of pathogenic microorganisms according to 
the Argentine food code was also verified, at initial time with 
N=5 sausages, E. coli O157:H7 was absent in a 65-gramme sam-
ple, and Listeria monocytogenes and Salmonella spp. were ab-
sent from a 25-gramme sample.
Mass loss, pH, water activity, headspace gas analysis and 
total volatile basic nitrogen
Sausage mass loss and water activity changed slightly af-
ter packaging and storage for 48 days, except in the unpack-
aged sausages, which showed a significant reduction of both 
parameters (Table 2).
The pH of the sausages at the start of storage was 4.99. Af-
ter 48 days of packaging, the pH increased slightly (values be-
tween 5.5 and 5.6) in sausages packaged in high barrier film 
Table 1. Volume fractions of headspace gases under different packaging conditions during storage
Packaging system Gas
t(storage)/day
0 12 24 36 48
φ/%
HB-Air
O2 20.04 0.18 0.19 0.50 0.76
CO2 0.50 22.60 25.20 30.10 30.30
N2 79.50 77.20 74.60 69.40 68.98
BOPP
O2 20.04 3.85 1.63 1.50 1.06
CO2 0.50 10.80 9.70 8.50 6.34
N2 79.50 85.30 88.70 90.00 92.90
HB-N2
O2 0.50 0.54 0.21 0.20 0.15
CO2 7.50 17.10 18.90 25.00 25.00
N2 92.00 82.40 80.90 74.80 74.85
MP
O2 20.04 20.00 19.96 20.30 20.30
CO2 0.50 0.50 0.50 0.50 0.50
N2 79.50 79.50 79.50 79.20 79.20
Data are mean values of two different sausages and three replications per sausage. All data show a standard deviation <0.5 %. HB-Air=high barrier 
film with air, BOPP=biaxially oriented polypropylene film, HB-N2=high barrier film with 100 % nitrogen, MP=microperforated film
Table 2. Physicochemical parameters of sausages in different packaging systems after 0, 12, 24, 36 and 48 days
Packaging system
t(storage)/day
0 12 24 36 48
pH
UP 4.99±0.06 5.37±0.06 5.36±0.08 5.37±0.03 5.63±0.01
MP 4.99±0.06 5.47±0.11 6.25±0.01 6.39±0.08 6.67±0.09
BOPP 4.99±0.06 5.43±0.07 5.62±0.01 6.4±0.06 6.31±0.14
HB-N2 4.99±0.06 5.34±0.04 5.47±0.05 5.52±0.02 5.55±0.05
HB-V 4.99±0.06 5.14±0.03 5.57±0.03 5.26±0.08 5.54±0.02
HB-Air 4.99±0.06 5.16±0.04 5.49±0.04 5.43±0.08 5.62±0.05
aw
UP 0.9±0.01 0.8±0.02 0.75±0.01 0.71±0.01 0.67±0.02
MP 0.9±0.01 0.9±0.01 0.89±0.01 0.88±0.02 0.89±0.01
BOPP 0.9±0.01 0.89±0.01 0.89±0.01 0.9±0.01 0.88±0.02
HB-N2 0.9±0.01 0.9±0.01 0.88±0.01 0.89±0.02 0.89±0.01
HB-V 0.9±0.01 0.9±0.01 0.89±0.01 0.88±0.01 0.88±0.01
HB-Air 0.9±0.01 0.9±0.01 0.88±0.02 0.88±0.01 0.88±0.02
w(mass loss)/%
UP 37.7±0.8 46.1±0.3 50.1±0.7 52.8±0.6 53.0±0.2
MP 35.7±0.6 38.4±0.4 39.1±0.2 38.5±0.4 39.4±0.4
BOPP 35.8±0.7 37.1±0.3 36.6±0.5 39.0±0.2 36.4±0.5
HB-N2 36.0±0.7 36.2±0.7 35.3±0.9 36.4±0.9 36.5±0.8
HB-V 36.5±0.8 35.9±0.1 36.9±0.4 37.9±0.5 36.9±0.6
HB-Air 36.7±0.8 37.1±0.3 37.1±0.8 36.4±0.8 35.9±0.5
Data are mean value±standard deviation of three independent measurements (inner core of sausages). UP=unpackaged, MP=microperforated 
film, BOPP=biaxially oriented polypropylene film, HB-N2=high barrier film with 100 % nitrogen, HB-V=vacuum packaging, HB-Air=high barrier 
film with air
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filled with air, 100 % N2 or under vacuum and in unpackaged 
sausages. Consistent results were reported by Tabanelli et al. 
(13) on Milano-type dry fermented sausages. Nevertheless, the 
pH of samples packaged in biaxially oriented polypropylene 
film and microperforated polyethylene film showed a substan-
tial increase, reaching values of 6.5 on average (Table 2). This 
increase can be attributed to fungal metabolic activity (26,27) 
due to the presence of oxygen and high humidity. At this stor-
age time (48 days), in microperforated polyethylene film pack-
ages the atmosphere composition (20.30 % O2 and 0.50 % CO2) 
did not change, while in the biaxially oriented polypropylene 
film packages, the volume fraction of oxygen decreased from 
20.04 to 1.06 %, and of carbon dioxide increased from 0.50 to 
6.34 % (Table 1). This low oxygen volume fraction in biaxially 
oriented polypropylene film packages proved to be suitable 
for maintaining the fungal conidium viability according to pre-
vious literature, which shows that different species have suc-
cessfully grown under oxygen volume fraction of approx. 1 
% (28-31). However, SEM micrographs of samples packaged in 
biaxially oriented polypropylene film, microperforated poly-
ethylene film and the unpackaged treatment (Fig. 3) showed 
crinkled hyphae after 24 days. Collapsed hyphae could cause 
cell damage with loss of cytoplasmic material. In this sense the 
high metabolic activity could be due to exogenous enzymes 
previously produced in addition to those released by cell dis-
ruption. Nevertheless, in the unpackaged samples the enzyme 
activity decreased due to the low water activity (aw=0.75; Table 
2), which could act as a limiting factor (32).
In high barrier films (air and N2) 12 days after packaging, the 
volume fraction of oxygen was lower than 0.6 % and of carbon 
dioxide was around 20 %. After 36 days of storage, the carbon 
dioxide volume fraction was higher than 25 % (Table 1). This 
could explain the fungal spore viability reduction in group 2 
(Fig. 1). Dry meat products are widely packaged in modified 
atmosphere (70 % N2 and 30 % CO2) to inhibit microbial growth 
and increase the shelf life of the product (11,12,33). The use of 
high barrier material (Vac Ton) films allows the highest CO2 ac-
cumulation levels due to different metabolic pathways accord-
ing to Ščetar et al. (34).
The high metabolic activity of moulds in microperforat-
ed polyethylene and biaxially oriented polypropylene films 
was evidenced by the strong ammonia-like smell (perceived 
by the sensorial panel as odd odour) and the high TVB-N mass 
fractions in the inner core of sausages after 48 days of stor-
age (250 and 200 mg/100 g, respectively; data not shown). 
TVB-N in the unpackaged sausages was 80 mg/100 g, simi-
lar to the values reported in well-ripened Italian sausages (35-
37). Higher amount of ammonia increased pH values (Table 2), 
since the mass fraction of volatile nitrogen in meat is mainly 
influenced by ammonia concentration (38). It is possible that 
the combined metabolic activity of microorganisms (bacteria 
and moulds) increases the production of TVB-N, taking into 
account the ability of CNCPC and LAB to degrade amino ac-
ids and produce volatile nitrogen compounds, as it has been 
demonstrated by several authors (36,39,40).
A significant increase of the TVB-N was observed on the 
surface (casing) of the sausage compared to the inner part. 
TVB-N mass fractions measured at the surface of the sausag-
es packaged in biaxially oriented polypropylene film, micro-
perforated polyethylene film and in unpackaged conditions 
were up to 30 % higher than those observed in the inner part 
of the product (330, 275 and 99.5 mg/100 g, respectively; data 
not shown). Similar results were observed for the pH values 
of the sausage surface; samples in microperforated polyeth-
ylene and biaxially oriented polypropylene films had pH>7 
(data not shown). These results suggest that the surface fun-
gal growth could be the main reason for the sausage spoil-
age. Regarding the unpackaged sausage, a drastic aw reduc-
tion during storage leads to the conclusion that even if the 
fungus remains viable over time, it does not have a high met-
abolic activity (constant pH) (Table 2).
Hardness, elasticity and chewiness of sausages
Table 3 shows the texture profile analysis parameters dur-
ing storage using different packaging systems, as well as the re-
sults of Tukey’s test. The values at the start of the storage time 
(0 packaging days) for hardness ((133±7) N), elasticity ((4.3±0.1) 
mm) and chewiness ((378±24) mJ) were consistent with the re-
sults reported by Herrero et al. (41).
Hardness was relatively stable over time (high barrier film, 
microperforated polyethylene film and biaxially oriented poly-
propylene film), except for the sausages in biaxially oriented 
polypropylene film after 36 days, which showed a significant-
ly lower value ((78.6±1.5) N). Likewise, significant differences 
(p<0.05) were observed among treatments after 12 days of 
storage; the hardness of unpackaged sausages was significantly 
higher than in the other treatments, while the sausages pack-
aged in biaxially oriented polypropylene film showed the low-
est values after 36 days of storage.
Elasticity increased in packaged sausages (high barrier film, 
microperforated polyethylene film and biaxially oriented poly-
propylene film) after 24 days of storage. There were no signif-
icant differences (p<0.05) among packaged sausages (high 
barrier film, biaxially oriented polypropylene film and micro-
perforated polyethylene film) after 24 days of storage, while 
after 36 days samples in biaxially oriented polypropylene film 
showed the highest value. The data for unpackaged sausages 
were significantly lower than for the other treatments after 12 
days of storage.
No significant differences were detected in the chewiness 
of the high barrier-packaged sausages during storage (except 
for day 12). However, sausages packaged in biaxially oriented 
polypropylene and microperforated polyethylene films had 
significantly lower chewiness (p<0.05) after 36 days of storage 
than at the beginning. Also, no significant differences were de-
tected between the samples packaged in high barrier and mi-
croperforated polyethylene films after 24 days of storage, while 
after 36 days samples packaged in biaxially oriented polypro-
pylene film had the lowest chewiness. The highest value was 
recorded in unpackaged sausages after 24 days of storage.
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In general, at the end of storage samples packaged in 
biaxially oriented polypropylene and microperforated poly-
ethylene films had similar properties. Samples packaged in 
biaxially oriented polypropylene film had the lowest values 
of hardness and chewiness and the highest values of elastici-
ty, probably because of excessive metabolic activity (high pH 
and TVB-N values) observed in these samples.
Sensory evaluation
Sensory analysis after 36 and 48 days was not performed 
due to the exceptional hardness of the unpackaged sausages 
and the undesirable organoleptic characteristics of the sausag-
es packaged in biaxially oriented polypropylene and microper-
forated polyethylene films. Consequently, further analysis only 
refers to 0, 12 and 24 days of storage. Contributions of each 
attribute to variability in dimensions 1 and 2 of the first PCA 
were analysed and attributes with a total contribution equal to 
or higher than 0.30 were selected for second PCA (cophenetic 
correlation coefficient: 0.97). Thus, 12 attributes of the original 
21 were selected. From the second PCA, a biplot for individu-
al and variable factors was obtained (Fig. 4). The presence of 
crust, chewiness, exudates, odd odour, hardness, adhesion to 
casing, surface mycobiota, consistency, rugosity, lean colour, 
acid taste and off-flavour explained 74.3 % of the total varia-
bility. Regarding surface mycobiota, exudates and adhesion to 
casing attributes, two groups can be identified: first unpack-
aged, microperforated polyethylene film and biaxially orient-
ed polypropylene film packaging systems, and second high 
barrier package (Fig. 4). The first group had the highest count 
of surface mycobiota (Fig. 1a), while the highest values of su-
perficial exudates were in high barrier packages, which is prob-
ably due to the fungal count and cell lysis (Fig. 1b).
The same two groups had similar off-flavour and odd 
odour attributes, with the exception of unpackaged treatment 
in the second group. This result was probably due to the high 
mould count detected in samples packaged in biaxially ori-
ented polypropylene and microperforated polyethylene films 
(Fig. 4). The odd odour could be due to high values of TVB-N, 
according to Iacumin et al. (37), who obtained similar results in 
spoiled goose sausages.
Three groups can be identified according to the modifi-
cations of texture attributes and some external appearance 
attributes (consistency and superficial texture) throughout 
storage: group 1: high barrier packaged samples, group 2: 
samples packaged in biaxially oriented polypropylene and 
Table 3. Texture profile analysis of the ripened sausages under different packaging conditions during storage at 20 °C
Parameter Packaging system
t(storage)/day
0 12 24 36
UP (133±7)a (231±14)bB (459±14)cC n.d.
MP (133±7)a (117±13)abA (129±21)abA (111±6)bB
Hardness/N BOPP (133±7)a (137±7)aA (163±6)bB (78.6±1.5.)cA
HB-Air (133±7)a (130±18)aA (135±9)aA (130±3)aBC
HB-N2 (133±7)
a (116±11)bA (134±7)aA (132±11)aC
HB-V (133±7)ab (118.±8)aA (142±8)bA (138±18)bC
UP (4.3±0.1)a (3.2±0.09)bA (3.6±0.1)cA n.d.
MP (4.3±0.1)a (4.0±0.1)cC (4.41±0.07)abB (4.5±0.1)bA
Elasticity/mm BOPP (4.3±0.1)a (3.9±0.08)bBC (4.4±0.13)aB (4.99±0.08)cB
HB-Air (4.3±0.1)a (3.7±0.2)cB (4.55±0.07)bB (4.6±0.1)bA
HB-N2 (4.3±0.1)
a (3.98±0.07)cC (4.4±0.1)abB (4.6±0.1)bA
HB-V (4.3±0.1)a (4.01±0.09)cC (4.4±0.1)abB (4.6±0.1)bA
UP (378±24)a (342±15)aB (783±39)bC n.d.
MP (378±24)a (273±31)cA (355±52)abA (311±26)cbAB
Chewiness/mJ BOPP (378±24)a (307±20)bB (454±12)cB (244±8)dA
HB-Air (378±24)a (281±43)bA (392±27)aA (386±18)aBC
HB-N2 (378±24)
a (271±26)bA (384±18)aA (386±35)aBC
HB-V (378±24)a (276±14)bA (390±26)aA (408±71)aC
Mean values followed by different lower-case letters within a row are significantly different (Tukey’s test, p<0.05). Mean values followed 
by different capital letters within a column (within each parameter) are significantly different (Tukey’s test, p<0.05). n.d.=not determined; 
UP=unpackaged, MP=microperforated film, BOPP=biaxially oriented polypropylene film, HB-Air=high barrier film with air, HB-N2=high barrier 
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Fig. 4. Principal component analysis (PCA) of sensory characteristics 
of dry fermented sausages in different packaging systems after 0, 12 
and 24 days of storage (biplot). BOPP=biaxially oriented polypropyl-
ene film, HB-V=high barrier film with vacuum, HB-N2=high barrier 
film with 100 % nitrogen, HB-Air=high barrier film with air, MP=mi-
croperforated film, UP=unpackaged samples
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microperforated polyethylene films, and group 3: unpackaged 
samples. Group 2 was closer to the initial conditions (0 days af-
ter packaging), while unpackaged sausages had higher hard-
ness and chewiness values (Fig. 4). These results correlate with 
the major mass loss and the texture profile analysis values ob-
tained in unpackaged samples and with the pH increase (pro-
teolysis) detected in samples packaged in biaxially oriented 
polypropylene and microperforated polyethylene films.
CONCLUSIONS
The results strongly suggest that the use of a high barri-
er material in preventing the loss of water from the product 
causes a drastic modification of the atmosphere during stor-
age, which leads to a loss of cellular integrity of the filamen-
tous fungi. Conversely, biaxially oriented polypropylene and 
microperforated polyethylene films allow oxygen exchange 
with the outside air, and at the same time create a microen-
vironment with higher water content, maintaining higher vi-
ability of the filamentous fungi. Therefore, it is possible to 
increase shelf life of dry fermented sausages with superfi-
cial fungal development, using appropriate packaging con-
ditions. A future challenge is to reduce fungal metabolic ac-
tivity throughout storage to avoid undesirable organoleptic 
changes (excessive mould odour and odd odour). Therefore, 
further research would be interesting so as to study the ef-
fect of storage temperature on fungal growth to extend the 
shelf life of sausages using biaxially oriented polypropylene 
and microperforated polyethylene films.
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